Introduction
Mixing between meteoric water and seawater produces brackish to salty water in many coastal aquifers. In this mixing zone, chemical reactions of the salty water with aquifer solids modify the composition of the fluid; much as riverine particles and suspended sediments modify the composition of surface estuarine waters. The mixture is chemically distinct from either component because of the chemical reactions [Tsunogai et al., 1996; Moore, 1996 Submarine fluid input is different from river input not only due to concentration differences but also because of the way it is added. Mixing of river water and seawater in particle-rich estuarine environments sequesters many of the trace elements and nutrients delivered by rivers through flocculation, adsorption, and intense biological productivity. Consequently, estuarine processes (rather than river water chemistry) determine the net flux of many elements to the coastal ocean via rivers. Because submarine fluids may bypasses the biological components of the estuary filter, the elements delivered by this route are more likely to be mixed into the coastal and interior ocean rather than removed into estuarine and nearshore sediments.
Thus the advection of submarine fluids represents an input flux of trace elements and nutrients for which the magnitudes and the chemical processes are virtually unknown.
In this study we document the input of submarine fluids below the pycnocline on the continental shelf through measurements of Ra and Ba tracers. We further attempt to estimate the fluid flux and composition required to balance the enrichments of 226Ra, 228Ra, and Ba. .
The conditions during August 1995 contrast sharply with an earlier study in July 1994. During the 1994 study [Moore, 1996; Moore et al., 1998 ], the bottom water on the shelf was 8ø-10øC colder than surface waters, and salinity was up to 1%o higher. Such conditions represent strong Gulf Stream induced upwelling. We collected only a few bottom samples during the 1994 cruise and did not observe significant enrichments in 226Ra, 228Ra, and Ba below the surface layer.
Methods
At each station we first measured the structure of the water column using a conductivity-temperature-depth (CTD) with a Chelsea fluorometer. The fluorometer was set to monitor chlorophyll-a at an emission wavelength of 685 nm. After the C'TD cast, we attached a hose to the CTD cage and redeployed the CTD to pump a large volume (200-400 L) sample into a dram on the R/V Cape Hatteras. A subsample from the dram was immediately passed through a 0.45 gm filter and reserved for Ba and U analyses. An unfiltered subsample was reserved for salinity measurement. These were measured at sea using a salinometer. The large volume samples were not filtered. The volume was recorded, and the water was pumped through a column of manganese-coated acrylic fiber (Mn-fiber) to quantitatively remove Ra [Moore, 1976] .
The samples were measured at sea to determine activities of short-lived Ra isotopes, 224Ra (half-life equal to 3.6 days) and 223Ra (half-life equal to 11.4 days). Each Mn-fiber sample containing adsorbed Ra was partially dried by passing air down through a vertical tube containing the fiber for 15-30 min. Drying was stopped when no water droplets emerged after compressing the fiber bundle to the bottom of the drying tube and forcing air through it. The damp fiber was fluffed and placed in tube connected to a closed loop circulation system described by Moore and ArnoM [1996] . The system was flushed with helium then closed. The helium was recirculated over the Mn-fiber to sweep the 2'9Rn and 22øRn generated by 223Ra and 224Ra decay through a 1.1 L scintillation cell where alpha particles from the decay of Rn and daughters were recorded by a photomultiplier tube (PMT) attached to the scintillation cell. The Charleston sink hole is described by Barans and Henry [1984] . Approximately 18 months after collection, the Ba-U samples were acidified with nitric acid to dissolve any precipitated BaSO 4 through conversion of SO42' to its acidified forms. After waiting several days to dissolve BaSO 4 that might have precipitated during storage, aliquots of the samples were diluted by a factor of 100 and spiked with tuba and 236U. These were analyzed using isotope dilution-inductively coupled plasma mass spectrometry (ICP-MS)on the Finnigan Element at the University of South Carolina following the Ba procedure of Klinkhammer and Chan [1990] and the U procedure of Klinkhammer and Palmer [ 1991 ] . The expected error for the Ba and U measurements is +5 %. Table 1 gives the Ra isotope, Ba, and U data for samples collected in the area outlined in Figure 1 . Ra data are dpm 1 O0 L '1. Ba and U are nM kg '•. Figure 5 is a temperature-salinity plot of the CID data from station 98 compared to station 99, which was typical of other stations on the transect. After confirming its presence, we attempted to pump a large volume sample from the high-salinity layer at station 98. Normally, we did not record the CTD output during the pumping casts; but, because this was the first time we had encountered a high-salinity layer on the Winyah Bay transect, we recorded the entire pumping cast. The CWD was positioned near 25 m depth in the high-salinity layer as we began to pump a 200 L sample, but then the salinity abruptly decreased. We attempted to relocate the high-salinity layer but could not position the CTD in it long enough to pump a sample. After several attempts, we lost all traces of the highsalinity layer. The CWD record later revealed that during the search, salinity suddenly dropped from >36 to 35.1%o and then ]. The results of this study lead to the conclusion that fluid injection also occurs far from shore.
Results
The zone of 226Ra, 228Ra, and Ba enrichment also contains high activities of 223Ra and 224Ra compared to open ocean water. Because of the rate at which they are regenerated on sediments, the potential sources of the short-lived Ra isotopes are more complex. For example, the enrichments of 223Ra could result from the injection of 227A½ into the deep water followed by the rapid removal of its daughter, 227Th, to the sediments and the subsequent release of 223Ra. However, our attempted measurements of 227Ac in the deep water found activities near the lower limit of detection, -0.1 dpm 100 L '•. The lack of 227A½ enrichment means the 223Ra enrichments must also derive from fluid advection. For 224Ra we could construct a similar scenario based on the scavenging of 228Th after its production by 228Ra decay followed by the release of 224Ra from the sediments. However, the sediments are not significantly enriched in 228Th; therefore we conclude the 224Ra must also derive from subsurface fluid injection.
What is the Flux of Ra and Ba Required to
Produce the Enrichments?
The deep zone of Ra and Ba enrichment is probably a transient feature. Enrichments of Ra and Ba in this region were not detected in July 1994 when upwelling of deeper waters onto the shelf was prominent. During 1994, deep sampling was limited, and we may have missed the signal. However, we suspect that upwelling events strongly dilute the signal derived from advecting fluids. If this is true, we should only be able to detect the signal during a time when the water on the shelf is not rapidly exchanged.
To estimate Ra and Ba fluxes, we must know the length of 
Salt Balance in the Ra-Enriched Zone
The three CTD casts from station 98 each revealed a density inversion in the lower 8 m of the water column (Figure 6 ). This could only result from input of fresher water at the seabed. The pumping cast from this station apparently recorded a plume of the fresher water as it was mixing with the ambient water ( Figure 5 ). However, because the unstable density structure drives rapid mixing, it is not possible to derive the flux of fresh water from a few CTD profiles. Instead, we will use 226Ra as a tracer of water that has been added by fluid advection to estimate the salt balance. 
